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Improvements in IMPATT Diodes 




5 The present invention relates to semiconductor avalanche diodes, and 
in particular to IMPATT (impact ionisation avalanche transit time) 



IMPATT diodes employ the impact-ionisation and transit time properties 
10 of semiconductor structures to produce negative resistance at 
microwave frequencies. An IMPATT diode consists of heavily doped n ++ 
and p ++ contact regions separated by a depleted region with a doping 
profile designed to produce an avalanche region and a drift region. The 
doping profile is designed to produce an avalanche region with a high 
15 electric field, sufficient to generate high multiplication levels by impact 
ionisation. The doping profile is designed to produce a drift region with 
an electric field sufficiently high to achieve carrier velocity saturation but 
sufficiently low to avoid impact ionisation. 

20 A common example of an IMPATT diode has a lo-hi-lo doping profile in 
which the p ++ contact region is followed by a n-type doped region, in 
which a first layer (adjacent to the p ++ contact region) has a low doping 
concentration (n), a second layer has a high doping concentration (n + ) 
and a third layer has a low doping concentration (n). The first layer is 

25 the avalanche region and sustains a high electric field, the second layer 
is a doping spike to switch the electric field from, a high value in the first 
layer to a lower value in the third layer, which is the drift region. The 
avalanche region of the diode will break down when the applied reverse 
bias voltage exceeds a threshold value. 



diodes. 




Close to the breakdown voltage a rapid increase in current is caused by 
avalanche multiplication of holes and electrons in the avalanche region. 
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If an IMPATT d vice is mounted in a microwave cavity and a r verse 
bias voltage close to the breakdown voltage is applied, then the cavity 
can be tuned to allow the negative resistance of the diode to generate 
microwave oscillations with the diode voltage swinging above and below 
5 the breakdown voltage. When the rf voltage rises above zero (in its 
positive half cycle), an avalanche is initiated, a small number of holes 
and electrons arising from the reverse saturation current are greatly 
multiplied by the avalanche process. IMPATT diodes are normally 
designed so that the avalanche current peaks as the rf voltage 
10 approaches zero (towards the end of its positive half cycle). After 
CO passing through the avalanche region the electrons are swept into the 

rj low doped drift region and after a transit time delay the electrons are 

Ul collected at the n 4+ contact region. Thus, the current resulting from the 

in avalanche transits the drift region for the half period (negative half cycle) 

L. 15 when the rf voltage is negative and this yields a negative resistance for 
4; rf current. 



The IMPATT diode is one of the most powerful solid-state sources of 
microwave power. Continuous wave (CW) output powers as high as 

20 10W at a few gigahertz and as high as 1W at 100GHz can be obtained 
from a single IMPATT diode device. However, IMPATT diodes are 
noisy and sensitive to operating conditions. The noise in an IMPATT 
diode arises mainly from the statistical nature of the generation rates of 
electron-hole pairs at and above the breakdown voltage. Noise can be 

25 reduced somewhat by operating an IMPATT diode well above the 
resonant frequency of the diode and keeping the current low. However, 
these conditions conflict with conditions favouring high power output and 
efficiency. Examples of IMPATT diodes are discussed in 082,002,579 
and EP757.392. 



30 



Partly, because of the high noise associated with IMPATT diodes, three 
terminal signal generators, such as transistors, are preferred at 
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microwave fr qu ncies, with subsequent up-conversion and low noise 
amplification for higher frequencies. However, the high parasitics 
associated with three terminal structures indicates that two terminal 
devices, such as IMPATT diodes, would have a natural advantage at 
5 microwave and mm -wave frequencies if noise could be reduced. 

MITTAT (mixed tunnelling avalanche transit time) IMPATT diodes are 
also known in which both tunnelling and iomsation effects are strong in 
the avalanche region, for example in EP262.346 and 1135,466,965. 
Q 10 This degrades efficiency as a significant proportion of the generated 
S tunnel current undergoes little or no avalanche multiplication. 




present invention seeks to overcome some of the problems 



discussed above by providing an IMPATT diode which operates with 
15 much reduced noise levels. 

According to a first aspect of the present invention there is provided an 
impact ionisation avalanche transit time (IMPATT) diode device 
comprising a main avalanche region and a drift region wherein the 

20 device additionally comprises a narrow bandgap region with a bandgap 
narrower than the bandgap in the main avalanche region which narrow 
bandgap region is located adjacent to the main avalanche region in 
order to generate within the narrow bandgap region a tunnel current 
which is injected into the main avalanche region. By incorporating a 

25 narrow bandgap region adjacent to the main avalanche region an 
injection tunnel current pulse can be generated in a predictable manner. 
This current pulse is injected into the main avalanche region where a 
low noise avalanche occurs. 

30 Preferably, the narrow bandgap region is arranged to generate a tunnel 
current for injection into the main avalanche region at the peak reverse 
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bias voltage of an oscillating voltage applied across the terminals of the 
diode. 

It is preferred that the narrow bandgap region is located at the edge of 
5 the main avalanche region. 

The doping profile of an IMPATT diode according to the present 
invention must be designed to achieve an electric field across the 
narrow bandgap region of sufficient magnitude to provide the desired 
0 tunnel current amplitude at the peak reverse bias voltage For strained 
semiconductor materials such as Silicon Germanium/Silicon, a plurality 
of alternating narrow and wide bandgap layers may have to be used to 
form the narrow bandgap region in order to alleviate strain. However, in 
unstrained materials such as Galium Arsenide/Aluminium Gallium 
5 Arsenide, one narrow bandgap layer may be used to form the narrow 
bandgap region. 

Most of the noise associated with a conventional IMPATT diode occurs 
due to the statistical nature of the generation of electron-hole pairs 
during the part of the positive half cycle of the oscillating voltage when 
the voltage is above the threshold breakdown voltage. The diode 
structure according to the present invention increases the predictability 
of electron-hole pairs being generated at voltages above the breakdown 
voltage and so can enable a low noise narrow pulse of current to be 
generated close to the time at which the oscillating bias becomes 
negative. 

The IMPATT diode according to the present invention may have a single 
drift form, for example having a lo-hi-lo doping profile or a Misawa p-i-n 
doping profile. Alternatively, the diode according to the present 
invention may be a double drift diode. In a preferred embodiment of the 
present invention particularly suitabl for a single drift diode th narrow 
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bandgap region is located between a heavily doped contact region and 
the main avalanche region so as to maximise the proportion of the 
avalanche region which can be used to multiply the electrons generated 
in the narrow bandgap material, in a preferred embodiment of the 
present invention particularly suitable for a double drift diode the narrow 
bandgap region may be located towards the centre of the avalanche 
region, so that both the n and p components of the tunnel current may 
undergo avalanche multiplication. 
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The IMPATT diode according to the present invention may be made of 
either lll-V semiconductor materials, such as Gallium 
Arsenide/Aluminium Gallium Arsenide, or group IV semiconductor 
materials, such as Silicon Germanium/Silicon. The thickness of the 
5 narrow bandgap region and the composition of the alloys making up the 
narrow bandgap region are design parameters chosen to achieve the 
required tunnel current, as will be apparent to the person skilled in the 
art. 

10 According to a further preferred embodiment of the present invention 
the length of the drift region (L D ) and the length of the avalanche region 
(L A ) are chosen such that the drift region is between 2 and 6 times, and 
more preferably between 3.5 and 4.5 times, the length of the avalanche 
region. This ensures that in the fundamental mode of oscillation, the 

15 period of oscillation (P) is between 4 and 12 times, and preferably close 
to 8 times (between 7.5 and 8.5 times), the avalanche region transit time 
(T A ). It has been found that this substantially reduces the noise 
generated by an IMPATT diode according to the present invention. 

20 The IMPATT diode according to the present invention can be arranged 
such that at least part of the tunnel current is generated by optical 
excitation. 




The present invention will now be described with reference to the 
25 following Figures in which: 

Figure 1 shows the structure of a single drift IMPATT diode 
according to the present invention. 

30 Figure 2 graphically illustrates the variation in conduction 

band and valence band edge energies along the IMPATT diode of 
Figure 1 showing injection by electron tunnelling. 
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Figure 3 graphically illustrates the variation in conduction 
band and valence band edge energies along the IMP ATT diode of 
Figure 1 showing injection by optical excitation. 

5 . 

Figure 4 shows the variation of noise with multiplication 

factor for the device shown in Figure 2 for different periods of the 

fundamental mode of a generated voltage oscillation. 

10 Figure 5 shows the tunnel current generated in the device 

of Figure 1 as a function of phase angle where the origin on the 
horizontal axis of the plot is chosen as 90°, i.e. at the positive peak of 
the voltage cycle. 

15 Figure 6 shows the current waveform (I) generated in the 

device of Figure 1 by tunnelling and avalanche as a function of time. 

Figure 7a shows the structure of a first embodiment of a 
double drift I MP ATT diode according to the present invention. 

20 

Figure 7b graphically illustrates the variation in conduction 
band and valence band edge energies along the IMPATT diode of 
Figure 7a. 

25 Figure 8a shows the structure of a second embodiment of 

a double drift IMPATT diode according to the present invention. 

Figure 8b graphically illustrates the variation in conduction 
band and valence band edge energies along the IMPATT diode of 
30 Figure 8a. 
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Figure 9 shows the structure of a single drift IMPATT diode 
according to an alternative embodiment of the present invention. 



- « 



The IMPATT diode (2) shown in Figure 1 is a lo-hi-lo type IMPATT 
diode, having a heavily doped p ++ contact region (6), low doped 
semiconductor regions (8). (10) and (12) and a heavily doped n ++ 
contact region (14). However, according to the present invention a 
narrow band gap region (4) is located between the low doped region (8) 
and the low doped region (10). 



10 



The material compositions, layer thickneses and doping used in the 
2 IMPATT diode (2) is selected to generate a desired level of tunnel 

m current at the peak reverse bias voltage applied to the diode (2). 

S 

1 15 The narrow bangap region (4) makes it easier for electrons to tunnel 

S from the valence band (V) to the conduction band (C) and is effective to 

P inject electrons into the conduction band of the wide bandgap region 

*~ (10) in a predictable manner. This is shown by the arrow in Figure 2. 

The electrons injected into the wider bandgap region (10) then undergo 

20 avalanche multiplication in the avalanche region (10). 

An n-type doping spike (18) separates the low doped region (10) and 
the low doped region (12) and so forms the boundary between the 
avalanche region (10) and the drift region (12) of the device (2). 



25 



The avalanche region is the region where the impact ionization is 
significant and will extend into region (8) although it is unlikely to include 
all of region (8). As can be seen from Figure 2 the narrow bandgap 
region (4) is located within the conventional avalanche region and can 
30 be considered as part of the avalanche region. 
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The p ++ and rT contact regions should have sufficiently high doping 
levels to form good Ohmic contacts with the metalisation layer of the 
diode, as is well known in the art. Alternative contact technologies could 
be used, e.g. the p ++ region could be replaced by an n + region to form a 
5 Shottky barrier with the metalisation layer. 

Figure 2 shows the variation in conduction band (C) and valence band 
(V) edge energies along the IMPATT diode of Figure 1. This is similar 
to that of a conventional lo-hi-lo diode except for the narrow bandgap 

10 region (4) which makes it easier for an electron to tunnel from the 
valence band to the conduction band at applied reverse bias voltages 
above the breakdown voltage in order to inject electrons into the region 
(10). This tunnelling is indicated by the arrow in Figure 2. The gradual 
reduction in energy of the valence and conduction bands, from left to 

15 right in Figure 2, across the intrinsic region (10) means that electrons 
injected into the intrinsic region (10) undergo avalanche multiplication. It 
can be seen that the n-type doping spike (18) terminates the avalanche 
region of the device (2). 

20 The length of the drift region (12) L D and the length of the avalanche 
region (L A ) are chosen such that in the fundamental mode of rf 
oscillation across the electrodes (22) and (24), the period of oscillation 
(P) of the fundamental mode is between 4 and 12 times, and preferably 
close to 8 times the avalanche region transit time (T A ), ie. the time it 

25 takes for an electron to transit the avalanche region (10). It has been 
found that this substantially reduces the noise generated by an IMP ATT 
diode. This applies to conventional IMPATT diodes as well as to 
IMPATT diodes having a narrow bandgap region. 

30 If the fundamental mode of rf voltage oscillation (having a period of 
oscillation P) begins at t=0, as shown in Figure 6, then an IMPATT diode 
is generally designed so that the current from the avalanche region 
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enters the drift region (12) after a time t=P/2 (t=4T in Figure 6), ie. when 
the fundamental mode of voltage oscillation (V) ends its positive voltage 
half cycle. In order to achieve maximum negative resistance IMPATT 
diodes are generally designed so that the transit time through the drift 
region is close to P/2. Accordingly, the length of the drift region is 
generally chosen to be L D =V s P/2, where V s is the saturated electron drift 
velocity- The length of the avalanche region will be L A =T A A/ S , where T A 
is the time it takes for an electron to transit the avalanche region, ie. the 
avalanche region transit time. 

Thus when P=8T A , then because L D =V s P/2 and T A =L A /V S as discussed 
above, this leads to the relationship; 

L D =4T A Vs=4L Al 

that is. the drift region length L D is 4 times the avalanche region length 
L A . It has been found that this substantially reduces the noise 
generated by an IMPATT diode according to the present invention. 

20 To demonstrate the principle of the present invention a Silicon 
Germanium/Silicon based structure according to Figure 1 has been 
simulated. Where the fraction of Germanium in the Silicon Germanium 
alloy is denoted by x, the narrow bandgap region (4) was made of a 
200A (Angstrom) thick layer of Silicon Germanium with x=0.33. The low 
25 doped region (8,10) was made of a 2000A thick layer of intrinsic Silicon. 
To reduce the strain in the Silicon Germanium layer (4) for stable 
operation at high power it may be necessary to add Carbon to the 
Silicon Germanium alloy. For this particular alloy layer thickness and 
composition it was found that including the Silicon Germanium layer (4) 
30 as the first part of an intrinsic avalanche layer (8.10) as indicated in 
Figure 1 gave a satisfactorily high tunnel current. The magnitude and 
thickness of the doping spike (18) was chosen to give an average 
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electric field in the avalanche region (10) of 5x10 5 V/cm. The amplitude 
of the time variation of the field was taken as 50% of the average field 
(ie. A=0.5 see below) which gave a peak tunnel current of 
approximately 1.5amps/cm 2 . 

5 

Where the narrow band gap region (4) is SiliconGermanium (SiGe) the 
injection of tunnel current will use the indirect SiGe bandgap. 
Semiconductor materials, such as, GaAs/AIGaAs or InGaAs/lnP or other 
hetero systems could be used to implement the device (2) shown in 
10 Figure 1 such that a tunnel current is injected into the avalanche region 
at peak reverse bias. Si has the advantage of high thermal conductivity 
and demonstrated performance at high frequencies up to 300GHz. 

The device (2) is reverse biased by applying a constant reverse bias 
15 voltage across electrodes (22) and (24) which voltage is close to the 
reverse bias breakdown voltage of the device. In addition an oscillating 
voltage variation is generated across the electrodes (22) and (24) by 
locating the diode (2) in a microwave cavity and appropriately tuning the 
cavity. As is well known in the art alternative resonant circuits may be 
20 used. The inclusion of the narrow band gap region (4) ensures that a 
relatively high tunnel current is injected into the avalanche region (16) at 
the peak reverse bias voltage. 

Without the narrow bandgap region this injection arises from the reverse 
25 saturation current which normally has very low values such that the 
number of particles available to initiate an avalanche is low, often less 
than 1 , with consequent high statistical fluctuation. The tunnel current is 
designed to be much higher, yielding much lower noise prior to 
avalanche. 



30 



The tunnel current consists of electrons and holes, and referring to 
Figure 1, the electrons flow into the avalanche region (10) and the holes 
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flow into the p ++ region (8). The electrons flowing into the avalanche 
region (10) then generate electrons and holes in the Si avalanche region 
(10) by impact ionisation. 

5 The injected tunnel current is generated entirely in the SiGe narrow 
bandgap region (4) and comprises a narrow pulse of charge carriers 
close to the peak reverse bias voltage which pulse of charge carriers is 
then injected into the Si avalanche region (10). The relatively narrow 
pulse of injected tunnel current has low statistical fluctuation and will 

10 initiate a very low noise avalanche multiplication in the avalanche region 
(10). The structure of the diode (2) enables a relatively high tunnel 
current to be injected into the avalanche region (10). Also, because the 
inclusion of the narrow bandgap region (4) makes it easier for electrons 
to move from the valence band (V) into the conduction band (C) the 

15 diode (2) can be operated at lower electric fields and multiplication 
values than for a conventional lo-hi-lo type IMPATT diode with similar 
power outputs. This will yield an improvement in reliability and 
efficiency. 

20 As indicated above in a preferred embodiment, the narrow bandgap 
layer (4) is made of a 200A thick layer of 33% Silicon Germanium and 
the avalanche region (8,10) is made of a 2000A thick layer of Silicon. 
The fundamental oscillation of the voltage (V) generated across the 
device (2) will take the form; 

25 

V = V 0 [1+Acos(o)t)] 



30 



with A = a constant multiplier which is less than 1, 

V 0 = a reverse bias voltage close to the breakdown voltage, and 

V 0 A cos(oot) = a sinusoidal voltage, 
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as is described above. In this case the tunnel current shown in Figure 5 
is obtained. In Figure 5 the phase origin of the horizontal axis (ie. phase 
= 0) is chosen to correspond to the peak reverse bias voltage applied 
across the electrodes (22) and (24). This peak reverse bias occurs at 
5 t=2T on Figure 6, at a 90° phase lag relative to the origin of the rf 
voltage oscillation at t=0 on Figure 6. The tunnel current is generated 
entirely in the narrow bandgap region (4) and forms a pulse close to the 
peak reverse bias voltage which is then injected into the Si avalanche 
region (10). From Figure 5, it is expected that the tunnel current will 
10 approach 1.6 amp/cm 2 in the structure of Figure 2 and should give very 
low noise avalanche multiplication. 

It will be understood by the person skilled in the art that the magnitude 
of the tunnel current shown in Figure 5 can be varied by changing the 
15 thickness or alloy composition of the narrow bandgap layer (4), possibly 
using multi-quantum wells to alleviate strain. It is also possible to design 
the doping profile or to use doping spikes to change the electric field 
across the narrow bandgap region (4) relative to the field across the 
avalanche region (10). 

20 

The origin of phase is defined as the point at which the rf voltage is zero 
and about to rise (ie. t=0 in Figure 6). The peak tunnel current coincides 
with the peak electric field which occurs at a phase of 90° (ie. t=2T in 
Figure 6). The avalanche multiplication is arranged so the total current 
25 (ie. tunnel plus avalanche current - I in Figure 6) normally peaks close to 
a phase of 180° (ie. t=4T in Figure 6) at which the oscillating rf voltage 
passes through zero to become negative. 

As indicated above, the device (2) is reverse biased to just below the 
30 breakdown voltage and a periodic voltage is generated across the 
electrodes (22) and (24). Thus, towards the. peak of. the positive half 
cycle of the sinusoidal voltage, the voltage generated across the 



WO 00/25366 



PCT/GB99/03428 



13 



electrodes (22) and (24) is greater than the breakdown voltage. The 
avalanche noise is suppressed most effectively when the period of 
oscillation of the fundamental mode of voltage oscillation is 
approximately eight times the avalanche zone transit time, ie. eight 
times the time it takes a charge carrier to pass through the avalanche 
zone (10). 

In Figure 4 is shown a graph of the computed noise of a device (2) as a 
function of the multiplication factor of the avalanche region (10) for 
various periods of oscillation of the sinusoidal voltage applied across the 
electrodes (22) and (24). The device simulated was a Silicon lo-hi-lo 
diode having the structure shown in Figure 1 and having a 0.3 micron 
thick avalanche region (10) with a Silicon Germanium narrow bandgap 
layer. It can be seen from the Figure 4 graph that the noise at high 
multiplication levels is reduced when the period of oscillation 
approaches eight times the avalanche zone transit time, ie. P=8T A 
(indicated as P=8 in Figure 4). The excess noise factor at P=8T A 
decreases as the multiplication factor increases and can achieve almost 
noise free multiplication. 

In Figure 6 is plotted the total current waveform (I) consisting of tunnel 
current and avalanche current for the device of Figure 2 when the 
sinusoidal voltage (V), also shown in Figure 6, has a period of P=8T. 
The current (I) starts to rise at time t=2T which corresponds to the peak 
reverse bias voltage (V) of the applied sinusoidal voltage applied across 
the electrodes (22) and (24) of the device (2). The total current (I) goes 
through a maximum close to t=4T which corresponds to the time at 
which the sinusoidal voltage (V) becomes negative. 



By using relatively high tunnel currents, efficient power generation 
should be possible with relatively low multiplication factors, so that the 
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device (2) can be operated with a lower voltage drop across the 
avalanche zone. This should improve both efficiency and reliability. 

Figure 3 shows the variation in conduction band (C) and valence band 
(V) edge energies for the device of Figure 1 (assuming Silicon 
Germanium as the narrow bangap region), except that in this case 
injection of electrons from the valence band and into the conduction 
band occurs by optical excitation (represented by arrow a of Figure 3) of 
the electrons in the narrow bandgap layer as well as by electron 
tunnelling (represented by arrow p of Figure 3). If electromagnetic 
radiation with an energy greater than the bandgap of the narrow 
bandgap material (4) is incident on the narrow bandgap region (4), 
electrons in the valence band (V) of the narrow bandgap region can 
absorb a photon (26) of the electromagnetic radiation and jump into the 
conduction band (C). Excitation in the narrow bandgap region eould be 
done by horizontal access (wave guide) geometries to enhance optical 
absorption. The narrow bandgap region (4) makes it easier for an 
electron to jump from the valence band to the conduction band in order 
to inject electrons into the avalanche region (10). This optical excitation 
is indicated by the arrow a in Figure 3. 

Doping spikes can be used to adjust the electric field across the narrow 
bandgap layer to achieve the desired ratio of the injection current 
generated by optical excitation to the injection current generated by 
tunnelling. There is then a potential for optical injection locking of 
isolated diodes or arrays of diodes of the type shown in Figure 1 and 
optical control of the phase and amplitude of the signal output from the 
diode (2). 

Alternatively, as is shown in Figure 9, the narrow bandgap region (4') 
can be adjacent to but outside of the avalanche region (10 ? ). In this 
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case a doped region (8') will be required between the narrow bandgap 
region (4') and the avalanche region (10') in order to change the relative 
electric fields. 

The above description has related to single drift diodes as shown in 
Figure 1, but the present invention can also be applied to double drift 
diodes, such as that shown in Figures 7a and 8a. The diodes shown in 
Figure 7a and 8a are fabricated from a Gallium Arsenide/Aluminium 
Gallium Arsenide structure 

The double drift IMPATT diodes shown in Figures 7a and 8a have 
heavily doped p ++ region (42), low doped semiconductor regions (44), 
(46) and (48) and a heavily doped n ++ region (50). Region (46) 
comprises the avalanche region and regions (44) and (48) comprise the 
two drift regions. A p-type doping spike (54) and an n-type doping spike 
(56) separate the avalanche region (46) from the drift regions (44) and 
(48). In the diode shown in Figure 7a a Gallium Arsenide narrow 
bandgap region (40) is located in the centre of the avalanche region 
(46). In the diode shown in Figure 8a a Gallium Arsenide narrow 
bandgap region (52) is located to the left hand side of the avalanche 
region (46). As described above in relation to the single drift diode of 
Figure 1, the narrow bandgap regions (40) and (52) make it easier for 
electrons to tunnel from the valence band (V) to the conduction band (C) 
in order to reliably inject a tunnel current into the avalanche region. 

The material compositions, layer thickness and doping used in the 
structures of Figure 7a and 8a are selected to generate a desired level 
of tunnel current at peak reverse bias voltage and appropriate electric 
field levels in the avalanche region to ensure a desired avalanche 
multiplication by impact ionisation and in the drift regions to ensure that 
carriers achieve saturation velocity. As indicated above it is preferred 
that each drift region (44) and (48) has a length approximately four 
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times the length of the avalanche region (46). Thus, in the fundamental 
mode of oscillation the period of the fundamental oscillation will be 
approximately eight times the transit time of the avalanche region, as 
discussed above in relation to the diode of Figure 1. 

Figures 7b and 8b show the variation in conduction band (C) and 
valence band (V) edge energies along the IMPATT diodes of Figures 7a 
and 8a respectively. These are similar to the conduction and valence 
band edge energies of a conventional double drift diode except for the 
edge energies at the respective narrow bandgap regions (40) and (52). 



